The use of lactobacilli as probiotics in swine has been gaining attention due to their ability to improve growth performance and carcass quality, prevent gastrointestinal infection and most importantly, their 'generally recognized as safe' status. Previous studies support the potential of lactobacilli to regulate host immune systems, enhance gut metabolic capacities and maintain balance in the gut microbiota. Research on swine gut microbiota has revealed complex gut microbial community structure and showed the importance of Lactobacillus to the host's health. However, the species-and strain-specific characteristics of lactobacilli that confer probiotic benefits are still not well understood. The diversity of probiotic traits in a complex gut ecosystem makes it challenging to infer the relationships between specific functions of Lactobacillus sp. and host health. In this review, we provide an overview of how lactobacilli play a pivotal role in the swine gut ecosystem and identify key characteristics that influence gut microbial community structure and the health of pigs. In addition, based on recent and ongoing meta-omics and omics research on the gut microbiota of pigs, we suggest a workflow combining culture-dependent and cultureindependent approaches for more effective selection of probiotic lactobacilli.
Introduction
The gut microbiome affects various nutritional, immunological and physiological functions in mammalian hosts. In recent years, the gut microbial community has been described for both healthy and pathogen-infected pigs in baseline and longitudinal studies, establishing invaluable data on normal and diseased swine gut microbial compositions (Vondruskova et al. 2010; Pajarillo et al. 2014a) . Profiling of microbial community structure after probiotic, prebiotic and synbiotic administration has led to identification of specific bacterial groups associated with a healthy gut (Chae et al. 2016) . It is important to note that in all of these studies, Lactobacillus has been identified as one of the core genera in the gastrointestinal tract (GIT) of pigs.
Lactobacilli are common in both the proximal and distal regions of the porcine digestive tract, colonizing soon after birth (Delia et al. 2012) . Certain members of the genus influence intestinal physiology, regulate the immune system and balance the intestinal ecology of the host. The benefits from administration of probiotic lactobacilli to pigs include improving overall health and growth performance and ultimately increasing the productivity of swine husbandry (Kenny et al. 2011; Yang et al. 2015b) . Recently, new omics techniques have provided more accurate and practical tools for screening and discovery of beneficial Lactobacillus strains from the GIT as probiotic candidates for the swine industry. However, despite this innovation and method development, the complex nature of the gut ecosystem makes it difficult to correlate Lactobacillus administration with benefits to swine health.
Thus, this review aims to achieve the following: (i) to provide information regarding the role and dynamics of the Lactobacillus population in the swine GIT microbiota and its relation to overall health, (ii) to describe the mechanisms and effects of Lactobacillus administration in various applications in swine husbandry and (iii) to provide insights into Lactobacillus-swine host interactions by using available experimental and omics data to assess the probiotic potential of Lactobacillus sp. and their role in shaping the swine gut microbiota.
The diversity and dynamics of Lactobacillus in the swine gastrointestinal tract
Previous studies have highlighted the importance of gut microbiota and their beneficial effects on the health and growth performance of hosts (Richards et al. 2005) . Gut microbial communities are influenced by a plethora of factors including host genotype or breed (Pajarillo et al. 2014b) , diet (Hong et al. 2012) , feed additives and antibiotics (Park et al. 2014) , and farm management practices (Georgsson and Svendsen 2002) . Protocols exploring gut microbial communities have evolved from simple selective plating methods to highly robust 16S rRNA gene-based platforms, resulting in countless studies investigating the microbiota of the swine gut (Table 1) . Early culture-dependent techniques attempted to quantify and list the microbes inhabiting the porcine gut. Microbial populations within the GIT were consistently estimated to reach 10 11 per gram of tissue, 10 10 per gram of luminal contents and 10 10 per gram of faeces (Allison et al. 1979; Russell 1979) . The advent of studies describing the gastrointestinal microbiome of pigs using 16S rDNA sequence data addressed the limitations of culturedependent approaches, in particular the underestimation of noncultivable members of the population. This method, using PCR amplification coupled with gene cloning and full-length sequencing of the 16S rRNA gene, in tandem with culture data provided an approach with greater depth. Most importantly, these evolving techniques have paved the way to the discovery of a core microbiota, which is important for characterizing the stable, consistent components among complex microbial assemblages (Shade and Handelsman 2012) .
Lactobacillus as one of the core genera inhabiting the swine gut
Various initiatives aimed at identifying the core microbiota of healthy swine gut have previously been reported, with an emphasis on the dominant members of the community as influenced by age, diet and disease state of the animal. These developments have confirmed that certain bacterial species or strains might be used as markers to develop suitable feed additives for specific interventions, improving swine productivity (Kim et al. 2011; Pajarillo et al. 2015) . For instance, there is much interest in the abundance of lactic acid bacteria (LAB), since they are capable of suppressing micro-organisms that are deleterious to host health. The LAB belong to the 'core' or 'true' microbiota, and the lactic acid-related trophic chain is considered to be one of the principal metabolic pathways in mammalian gut ecosystems (Katouli and Wallgren 2005; Konstantinov et al. 2006) .
Culture-dependent approaches using selective medium and culture-independent techniques targeting 16S rDNA identified a potential core population inhabiting the swine gut population, dominated by the genera Bacteroides, Butyrivibrio, Clostridium, Enterococcus, Eubacterium, Fibrobacter, Lactobacillus, Prevotella, Ruminococcus, Streptococcus, etc. (Table 1 ). An early study using conventional culture methods showed that Lactobacillus sp. constituted 67% of the microbial population adhered to oesophagea in healthy piglets (McGillivery and Cranwell 1992) . Using culture-dependent methods, Pieper et al. (2006) further found that the predominant species among Lactobacillus sp. from the ileum of weaning piglets were L. acidophilus (44Á4%), followed by L. fermentum (35Á7%) and L. salivarius (15Á3%). On the other hand, culture-independent analysis by 16S rDNA amplification and cloning from porcine GI tract samples showed that the most abundant species among Lactobacillus sp. was L. amylovorus, followed by L. johnsonii, L. reuteri, L. vaginalis and L. mucosae (Dowd et al. 2008) . Another report (Leser et al. 2002) noted that 15Á8% of DNA sequences recovered from porcine intestinal samples represented Lactobacillus sequences, indicating their important role in the gut for host physiology.
A recent study using next-generation sequencing (NGS) technology also included Lactobacillus as a core faecal microbiota, along with Xylanibacter, Anaerovibrio, Prevotella, Tannerella, Clostridum IV, Lachnospiraceae incertae sedis, Treponema and Streptococcus, across the growth stages of pigs. Notably, while the swine faecal microbiota changed significantly across growth stages, the populations of these core members were stable. Furthermore, Niu et al. (2015) found that Lactobacillus is one of the most dominant genera, accounting for approximately 15% of 16S rRNA gene sequences from porcine intestinal samples, regardless of age.
Dynamics of lactobacilli population as influenced by growth stage and diet supplementation NGS technology has augmented the information provided by culture-dependent methods on the swine gut microbiota, revealing unique population dynamics influenced by age or growth stage, diet supplementation and disease state (Table 1) .
In contrast to humans, one of the most abundant phylotypes of the pig is the LAB, in particular lactobacilli (Leser et al. 2002) . However, there exists considerable variation among Lactobacillus populations according to growth stage. For example, in 10-week-old pigs, lactobacilli averaged 11Á0% of the total bacterial population, whereas in 22-week-old pigs, lactobacilli comprised only 3Á2% (Kim et al. 2011) . Another report (Pieper et al. 2008 ) noted that L. sobrius and L. amylovorus were the dominant species in the small intestines of piglets from day 1 to day 11 postweaning, whereas L. salivarius and L. gasseri/johnsonii decreased in abundance. Furthermore, recent studies have detected Lactobacillaceae members across all growth stages Niu et al. 2015) , with a more pronounced abundance postweaning (Frese and Mills 2015) . Probiotic or prebiotic supplementation affects the population of Lactobacillus in the swine intestine. Hoeflinger et al. (2015) characterized the intestinal lactobacilli community following galactooligosaccharides (GOS) supplementation in neonatal piglets and observed significant increases in Lactobacillus species in piglets provided with GOS. Lactobacillus johnsonii was the predominant species, based on the results of both culture-dependent and culture-independent methods. However, lactobacilli counts were lower in the guts of weaned piglets fed cider yeast; this may be because mannan and mannose oligosaccharide in the outer layer of yeast cell walls facilitated the increase in bifidobacteria, with a concomitant reduction in lactobacilli counts (Upadrasta et al. 2013) .
Interestingly, the colon of lean Ossabaw minipigs has a higher abundance of Lactobacillus species than that of obese Ossabaw minipigs, suggesting that low Lactobacillus abundance may increase intestinal permeability and cause metabolic dysfunction linked to obesity (Pedersen et al. 2013) . Lactobacillus may help shape the metabolic profiles of obese animals by modifying intestinal permeability. A greater understanding of the role of Lactobacillus in nutrient digestion in pigs may also help us understand how the human gut microbiota is related to complex traits such as obesity and metabolic disorders (Niu et al. 2015) . Furthermore, it would be interesting to identify which particular species among Lactobacillus contribute to this effect. On another note, Pajarillo et al. (2014b) compared the faecal microbiota of three purebred pig lines using Roche 454 pyrosequencing (Branford, CT, USA) and showed that the abundance of Lactobacillus was highest in Landrace, followed by Yorkshire and then Duroc pigs, indicating that host genetics also influence the composition of the gut microbiota.
The role of lactobacilli in swine husbandry
The use of lactobacilli for food fermentation has a long history and has been well studied. However, the significance of their dynamics in the animal gut ecosystem requires further investigation. Studies of swine gut microbiota are unequivocal that overall gut health is affected by Lactobacillus populations in particular. This benefit to the host's health provides a mechanism for the co-evolution of lactobacilli with host immune systems (O'Callaghan and O'Toole 2013). Moreover, as lactobacilli play important roles in improving swine energy metabolism, maintaining the physiological and integral functions of the GIT and modulating the immune responses of pigs, they are commonly utilized as probiotics. Reports on the various functions of lactobacilli in pigs are summarized in Table 2 and discussed below.
Lactobacilli improve GIT functions for enhancing swine growth performance
Swine gut health is correlated with growth performance. Vigors et al. (2016) reported a correlation between high feed efficiency and increased abundance of Lactobacillus sp. in the caecum of pigs. From a physiological point of view, an increase in feed efficiency is provided by enhanced digestion and better nutrient absorption in the intestine (Baird 1977) . Higher production of volatile fatty acids in the large intestine also contributes to good growth performance (Hou et al. 2015) . Metabolite analysis of swine faecal samples showed that acetate and butyrate concentrations increase in the presence of fibrefermenting lactobacilli, providing an energy source for colonic cells (Heinritz et al. 2016) . Lactobacillus strains that produce active dietary enzymes such as amylase, lipase, phytase and protease are deemed better probiotic candidates due to these enzymes' role in digestion and absorption of nutrients in the intestine (Kim et al. 2007 ). An improper immune response can also have a negative impact on feed efficiency and average daily weight gain of pigs, as immune responses have a metabolic cost to the host, requiring compromises in other energy-intensive biological processes such as growth, reproduction and thermoregulation (Rauw 2012) . Moreover, with an active deregulated immune response, overproduction of proinflammatory cytokines and inflammatory mediators may affect epithelial integrity and function, impairing nutrient transport across the intestinal surface (McKay and Baird 1999) . Thus, a decrease in inflammatory markers caused by probiotic lactobacilli is significant in maintaining gut health (Zhang et al. 2010; Liu et al. 2014) .
Lactobacilli induce higher resistance to infection and gastrointestinal diseases
Certain probiotic traits sought in lactobacilli for resisting infection and GIT disease include anti-pathogenic activity Yang et al. 2015b) , adhesion to the mucus layer (Lee and Puong 2002; Valeriano et al. 2016) , antioxidative capacity (Wang et al. 2009a (Wang et al. , 2013 and regulation of the immune system (Suda et al. 2014 ). All of these traits impact the gut microbial populations such that opportunistic pathogens including Salmonella, Clostridia and Enterobacteria are kept in check, thus preventing infection and intestinal disorders Gebru et al. 2010; Liu et al. 2014) .
Pigs exhibiting higher feed efficiency had lower serum and mucosal levels of proinflammatory cytokines including IL-8, IL-1, IL-6, TNF-a and interferon-c (Mani et al. 2013; Vigors et al. 2016) . Although these proinflammatory cytokines are produced as an immune response to antigens, chronically elevated levels will cause hyperinflammation that makes swine more susceptible to infections and aggravates GIT diseases (Smith et al. 2010 ). Resistance to GIT diseases leads to increased activity of antimicrobial enzymes and lower endotoxin levels in swine (Mani et al. 2013) .
Stress, especially in the early weaning stage of piglets, induces changes in gut microbiota and the gut epithelial barrier (Isaacson and Kim 2012; Weese et al. 2014) . Previous studies have indicated that stress greatly affects the gastrointestinal microflora, decreasing total Lactobacillus populations in severely stressed animals, and thus providing an opportunity for overgrowth of pathogens (Tannock 1997; Konstantinov et al. 2006) . In support of this, Bateup et al. (1998) found that the composition of Lactobacillus populations, especially in the stomach and caecal contents of 24-day-old pigs, showed evidence of instability during this stressful period. This instability may be associated with the deprivation of contact with the sow or with movement to a new pen and continued until the 'grower' age, wherein the animals are redistributed in pens and struggle to establish a social order (Bateup et al. 1998) . McLamb et al. (2013) showed that early-weaned pigs exhibited a more rapid onset and severity of diarrhoea and reduction in weight gain in response to enterotoxigenic Escherichia coli (ETEC) challenge compared with late-weaned pigs. This finding indicates that early weaning stress can profoundly change subsequent immune and physiological responses, and thus the clinical outcome of subsequent infectious pathogen challenge. In line with this, Lactobacillus strains with specific probiotic traits have been sought, in particular those that would decrease diarrhoea severity and incidence at various life stages and alleviate weaning stress syndrome. In some published reports, reduced incidence of diarrhoea cooccurred with improved microbial balance, as indicated by the lactobacilli : enterobacteria ratio (Castillo et al. 2006; Zhao and Kim 2015) . The production of the antimicrobial reutericyclin by L. reuteri strains inhibits Enterobacteriaceae and increases the abundance of Firmicutes such as Dialister and Mitsuokella (Yang et al. 2015b) . Another example involves supplementation with L. amylovorus, where ETEC levels were reduced in the intestine, but no changes in the colonic microbiome were observed (Konstantinov et al. 2004; Su et al. 2008) .
Although microbial community shifts were more prominent at the weaning stage, the administration of lactobacilli in the growing to finishing stages also showed benefits, especially in preventing cross-contamination within the farm environment and protecting pathogenchallenged pigs. Foodborne diseases from pork meat include opportunistic organisms that naturally live in the swine GIT, such as Salmonella (Wilkins et al. 2010; Baer et al. 2013) . Salmonella infection is a major cause of gastroenteritis and probiotics may improve this situation. Administration of a probiotic mixture including L. murinus and L. salivarius reduces pathogen shedding and alleviates signs of disease in pigs challenged with Salmonella enterica serovar Typhimurium (Casey et al. 2007 ). Likewise, it has been reported that indirect transmission of E. coli O157:H7 occurs readily among infected and naive swine (Cornick and VuKhac 2008) . Thus, the decrease in faecal Enterobacteriaceae caused by probiotic lactobacilli such as L. reuteri 3S7 (De Angelis et al. 2007 ) and L. fermentum I5007 (Wang et al. 2009a ) is an important control measure that can be implemented in the farm environment to prevent foodborne diseases.
Lactobacilli improve pork carcass quality
Several studies have suggested that administration of lactobacilli to pigs improves meat quality. Administration of L. plantarum ZJ316, a potential probiotic isolated from infant faecal samples, to newly weaned pigs improved several meat texture indices, appeared to inhibit the growth of opportunistic pathogens and promoted increased villus height (Suo et al. 2012 ). An in-depth analysis of the immune health promoting properties of L. jensenii TL2937 demonstrated that the use of immunobiotic strains as supplemental additives to piglets' feed significantly reduced tenderness and improved juiciness and palatability of pork meat, along with reducing backfat thickness (Suda et al. 2014) . In addition, Ross et al. (2012) showed that the administration of probiotics containing L. amylovorus into postweaning stage pigs increased monounsaturated and polyunsaturated fatty acids in muscle, suggesting probiotic administration could be useful to improve the fatty acid profile of pig meat. These results might be related to a balanced gut with abundant Lactobacillus populations, because Pedersen et al. (2013) and Heinritz et al. (2016) demonstrated that leaner animals have higher Lactobacillus abundances in colon digesta. Thus, diet plays an important role in this regard; low-fat, high-fibre diets increase Lactobacillus abundance, which also increases other beneficial bacteria such as Bifidobacteria and Faecalibacterium prausnitzii (Heinritz et al. 2016) .
Although this requires further study, it is possible that changes in gut microbiota due to the feeding of probiotic lactobacilli influence expression of glycolytic enzymes and tropomyosin, which are correlated with meat quality (D'Alessandro et al. 2011). In addition, probiotic lactobacilli modulate the expression of tight junction proteins, which help maintain cellular integrity and gut fitness, and thus improve carcass quality postmortem (Suda et al. 2014; Zheng et al. 2014; Yang et al. 2015a ).
Probiotic adhesion is an important trait for colonization and microbe-host interaction
It has been suggested that initial 'training' of the immune system by symbiotic colonists is required to create a stable microbial community during development (Rebollar et al. 2016) . The ability for probiotics to colonize and the ability to interact directly with host cells are, therefore, important factors affecting the overall impact of probiotics (Watanabe et al. 2012) . In a trial of L. casei administration along with maltodextrin KMS X-70 in gnotobiotic pigs , adherence of E. coli 08: K88 to the jejunal mucosa was inhibited, while E. coli colonized the jejunum of conventional piglets. This inhibitory effect was probably mediated by Lactobacillusproduced antibacterial substances and stimulation of host immunity. Anti-adhesive strategies are effective at inhibiting pathogen-mediated disease at the mucosal surface, especially in combination with the selective pressure of competitive exclusion by members of the normal gut flora (Kelly and Younson 2000) .
Autochthonous lactobacilli are frequently selected as potential probiotics because of their natural ability to withstand the harsh physiological conditions caused by stomach acid, bile salts and pancreatic enzymes during their passage through the GIT (Walter 2008) . Probiotic lactobacilli are further selected for their ability to adhere to mucus and epithelial cells, as these characteristics are essential for their ability to colonize the gut's mucosal and epithelial layer and enhance their competitiveness against pathogens (Huang et al. 2013; Valeriano et al. 2014) . This competitive profile is most likely present in autochthonous lactobacilli, which are used as biomarkers of health and are important components of the gut microflora of pigs.
In vitro adhesion trials to both porcine mucus and porcine intestinal enterocytes (IPEC-J2) with several Lactobacillus species showed that some strains could compete with pathogens such as E. coli K88 and Salmonella Typhimurium (Valeriano et al. 2014) . Cell surface characteristics such as high hydrophobicity contribute to steric hindrance in inhibiting pathogen adhesion, and competition for specific glycoconjugate receptors on gastric mucin and IPEC-J2 cells is also possible (Lee and Puong 2002; Valeriano et al. 2016) . Glycoconjugate-specific adhesion inhibition has been observed in human Caco-2 cells with L. casei Shirota (Lee and Puong 2002) . In addition, Tytgat and de Vos (2016) highlighted the importance of these glycoconjugates in the interaction of bacteria with their biotic environment, where they may play an important role in host-bacterial crosstalk. Thus, further research exploring the relationship between gut microbiota and the early-life health of swine is needed.
New approaches for screening of probiotic lactobacilli
Administration of lactobacilli has significant positive effects on growth, overall health, nutrient digestion, gut ecology and immune function of healthy swine at the neonatal, weaning and growing-finishing stages. However, the results of feeding Lactobacillus sp. to pigs are inconsistent, with some reports showing no difference in growth performance of weaning pigs fed diets with and without lactobacilli (Pollman et al. 1980; Harper et al. 1983) . Bateup et al. (1998) inoculated Lactobacillus acidophilus (strain O) into 13 five-day-old piglets and detected strain O in only two pigs 13 days later. They hypothesized that failure of strain O to persist in the GIT following the administration of a single dose to the piglets could have been caused by several factors. First, the strain was nonindigenous to the farm and may not have possessed the ecological attributes necessary for long-term association with these pigs. Second, the strain was initially predominant in the GIT of piglets and may not have been suitably adapted for life in the gastrointestinal milieu of older pigs.
One factor that may contribute to this inconsistency is the fact that not all probiotics utilize the same mechanisms for their probiotic functions. Similar to findings in other mammalian host niches, the inconsistent observations in swine may be due to ineffective selection of probiotic candidates based on limited knowledge of microbial diversity and ecological interactions within the swine gut (Rebollar et al. 2016) . Given the ubiquity of lactobacilli in the host's external and internal environment, identification of autochthonous and allochthonous species is essential.
It is also known that lactobacilli have strain-specific characteristics and that these may affect specific interactions between bacterial populations and the host. Due to the complex factors that come into play in in vivo trials such as the strain, dosage and duration of the experiment, as well as factors such as husbandry practices, the farm environment, host phenotype and growth stage (Katouli and Wallgren 2005) , it is difficult to conduct a meaningful meta-analysis. Correlating parameters to analyse the molecular and physiological functions of lactobacilli is also complicated, as some traits may be either antagonistic or synergistic depending on the conditions (Kenny et al. 2011) . Nevertheless, using robust and systematic approaches with well-selected probiotic candidates, more conclusive results may be achieved.
Combining meta-omics and experimental methods for selection of effective probiotic candidates Multi-omics approaches have greatly advanced our understanding of the specific role that gut microbiota play in various health and disease states. Dietary nutrients may be used by intestinal microbes to produce biologically active metabolites that affect host regulatory functions (Hemarajata and Versalovic 2013) . However, due to the complexity of the interactions involved, assessing association patterns in high-resolution omic datasets is a challenge (Fritz et al. 2013) . However, empirical data from cross-sectional, case-control and longitudinal studies conducted separately by many researchers may not provide enough statistical power to deduce causation among the observed physiological, immunological and nutritional interactions with gut microbiota (Fritz et al. 2013; Deusch et al. 2015) . Therefore, to understand the complexity of these interactions, a combination of meta-omics (culture-independent) and robust empirical (culture-dependent) methods may provide a means of more effectively identifying good candidate probiotics (Fig. 1) .
The approach outlined in Fig. 1 was adapted from the integrated multi-omics filtering protocol developed by Rebollar et al. (2016) for amphibian skin and modified for probiotic selection in monogastric animals such as pigs. Meta-omics databases are valuable sources of information during data mining (along with Step B), elucidation (Step C) and monitoring of in vivo trials (Step D). They help to identify marker genes, proteins and metabolites in potential probiotic strains, making it easier to set up genetic and molecular selection processes for putative probiotics prior to in vivo trials.
As was discussed earlier in this review, several Lactobacillus species have been identified in swine gut microbiota, which represent candidates with the ability to colonize the gut and confer probiotic effects. Autochthonous species may be valuable from this perspective, especially for the development of recombinant lactobacilli with therapeutic bioactive substances (Seegers 2002) . In addition, with the increasing availability of Lactobacillus genomes, systematic comparative and functional genomics studies can be conducted via online databases to investigate the ecological and probiotic roles of lactobacilli. Comparative genomic investigations to identify the factors involved in colonization require exact knowledge about the origin of strains to link genome features to ecological function. It would be of great value to include Lactobacillus strains that show strong evidence of being autochthonous organisms in comparative and functional genomics studies. Recently, a comparison of 213 strains of Lactobacillus has opened the door to more biotechnological applications of lactobacilli, providing a robust phylogenomic framework of existing species and a genetic catalogue of their ability to modify proteins and carbohydrates (Sun et al. 2015) . Such databases can be applied to novel Lactobacillus species and previously described strains.
Metagenomic sequencing of swine gut microbiota contributes to this endeavour by producing a catalogue of bacterial genes associated with vital functions. Baugher and Klaenhammer (2011) derived a 'minimal gut genome' from a gene catalogue of the human gut microbial metagenome. Among these genes, the most common gutspecific functions involve adherence to host extracellular matrix (i.e. fibrinogen, collagen and fibronectin) and carbohydrate metabolism, both of which involve interactions with the host epithelium (Qin et al. 2012 as carbon metabolism, amino acid synthesis, and protein synthesis and those related to survival in the gut are deemed necessary (Qin et al. 2012) . Although there are increasing numbers of published pig metagenome analyses, there is no integrated reference gene catalogue as of the writing of this review. Nevertheless, a first step towards this metagenome database is currently available, based on faecal samples from 287 pigs in France, Denmark and China. In this study, it was observed that the pig and human catalogues share 12Á6 and 9Á3% of the genes and 78 and 96% of the enriched functional pathways, respectively (Beijing Genomic Institute 2016). A comparative analysis of the gut metagenome of Yorkshire pigs and other host niches, which was done by Lamendella et al. (2011) , provided evidence that there is approximately 70% functional similarity between swine and human gut metagenomes. A large part of this similarity is due to the abundance of Firmicutes and Bacteroidetes, though samples from humans and swine exhibit different microbial community structures within these phyla. In particular, differences in Lactobacillus phylotypes have been noted (Lamendella et al. 2011) . Thus, it is important to note the species-and strain-specific differences in these probiotic lactobacilli and to be aware of the genetic diversity that may affect host interactions and metabolic functions.
So far, metatranscriptomic data for swine gut microbiota have been lacking as well (Deusch et al. 2015) . However, in an effort to use swine as an animal model for human studies, Heinritz et al. (2016) conducted metaproteomic analysis combined with quantitative realtime PCR and DNA fingerprinting on faecal microbiota samples from pigs fed a high-fat/low-fibre or a low-fat/ high-fibre diet. They showed that lactobacilli indeed influenced weight change, but emphasized the importance of genomic differences among Lactobacillus species. Given inter-individual variability within microbial populations, comparative analysis of metagenomic and metaproteomic studies must be undertaken.
Culture-independent meta-omics approaches can link proteins and metabolic pathways to functions and probiotic properties of selected strains (Fig. 1) . These in silico methods can help provide a functional assessment of potential probiotics, then systematic and robust in vitro and ex vivo assays can be carried out in large-scale controlled experimental trials. Currently, in vitro microfluidics-based co-culture systems are also being developed for studies in animal models, which is another promising tool for testing hypotheses about gut microbiota (Fritz et al. 2013) .
Conclusion and future prospects
The promising probiotic effects of lactobacilli have been and continue to be of great importance to the swine industry. The abundance of lactobacilli in the guts of various animals including pigs suggests broader applications for lactobacilli may be possible. With the use of various in silico, in vitro, ex vivo and in vivo tools in tandem with omics methodologies, we can better understand, explain and minimize the confounding factors in large controlled experimental trials of Lactobacillus administration.
Moreover, due to the similarity in the morphology, histology and transport physiology between humans and pigs, it has also been suggested that mechanistic studies in pigs provide a good model system for application to humans. Further investigation into swine gut microbiology and the role of lactobacilli in the swine gut will provide avenues to regulate gut microbiota using probiotic lactobacilli in both pigs and humans.
